Natural variation in the absolute and relative size of different parts of the human brain is substantial, with a range that often exceeds a factor of 2. Much of this variation is generated by the cumulative effects of sets of unknown gene variants that modulate the proliferation, growth and death of neurons and glial cells. Discovering and testing the functions of these genes should contribute significantly to our understanding of differences in brain development, behavior and disease susceptibility. We have exploited a large population of genetically well-characterized strains of mice (BXD recombinant inbred strains) to map gene variants that influence the volume of the dorsal striatum (caudate-putamen without nucleus accumbens). We used unbiased methods to estimate volumes bilaterally in a sex-balanced sample taken from the Mouse Brain Library (www.mbl.org). We generated a matched microarray data set to efficiently evaluate candidate genes (www.genenetwork.org). As in humans, volume of the striatum is highly heritable, with greater than twofold differences among strains. We mapped a locus that modulates striatal volume on chromosome (Chr) 6 at 88 6 5 Mb. We also uncovered an epistatic interaction between loci on Chr 6 and Chr 17 that modulates striatal volume. Using bioinformatic tools and the corresponding expression database, we have identified positional candidates in these quantitative trait locus intervals.
Natural variation in the absolute and relative size of different parts of the human brain is substantial, with a range that often exceeds a factor of 2. Much of this variation is generated by the cumulative effects of sets of unknown gene variants that modulate the proliferation, growth and death of neurons and glial cells. Discovering and testing the functions of these genes should contribute significantly to our understanding of differences in brain development, behavior and disease susceptibility. We have exploited a large population of genetically well-characterized strains of mice (BXD recombinant inbred strains) to map gene variants that influence the volume of the dorsal striatum (caudate-putamen without nucleus accumbens). We used unbiased methods to estimate volumes bilaterally in a sex-balanced sample taken from the Mouse Brain Library (www.mbl.org). We generated a matched microarray data set to efficiently evaluate candidate genes (www.genenetwork.org). As in humans, volume of the striatum is highly heritable, with greater than twofold differences among strains. We mapped a locus that modulates striatal volume on chromosome (Chr) 6 at 88 6 5 Mb. We also uncovered an epistatic interaction between loci on Chr 6 and Chr 17 that modulates striatal volume. Using bioinformatic tools and the corresponding expression database, we have identified positional candidates in these quantitative trait locus intervals. The volume of neuroanatomical structures varies widely in human populations (Blinkov & Glezer 1968) . For example, the volume of the basal ganglia and its major components, including the caudate nucleus, the putamen and the globus pallidus, are highly variable: putamen volume in a control population ranged from 6.2 to 9.7 ml (Harris et al. 1999) , and Rosas et al. (2001) reported a 1.4-fold difference in caudate volume in healthy controls. Importantly, individual differences in striatal volume are associated with differential susceptibility to several diseases including autism (Voelbel et al. 2006) , schizophrenia Kreczmanski et al. 2007; and other psychiatric disorders (Reiss et al. 1993) .
In the present study, we focus attention on the genetic basis of variation in the size of the dorsal striatum (caudate-putamen without nucleus accumbens) in a population of BXD recombinant inbred (RI) strains of mice that incorporates a level of genetic diversity roughly equivalent to that of many human populations [$2 million single nucleotide polymorphisms (SNPs) and copy-number variations (CNVs)]. This set of genetically well-characterized BXD strains provides a system to experimentally test relations and interactions between normal variation in central nervous system (CNS) neuroanatomical traits, differences in behavior and differences in disease onset and severity . The main advantage of using sets of genetically diverse but isogenic strains, as opposed to unique individuals, is that one can systematically accumulate a vast amount of diverse data for each strain. This enables a community of scientists with different interests and expertise to test and retest entire systems of traits, their covariance and their genetic causes (Chesler et al. 2004 (Chesler et al. , 2005 Mozhui et al. 2007; Yang et al. 2008) .
In a previous study using an F 2 intercross between A/J and BXD5 mice, we identified a quantitative trait locus (QTL) on the distal end of chromosome (Chr) 10 that modulates striatal volume (Rosen & Williams 2001 ). This prior study was constrained by the relatively small number of strains and cases being investigated. The recent addition of many new BXD strains and cases (Peirce et al. 2004) has significantly increased the power of this RI set and improved the precision of QTL mapping. In this experiment, we have estimated striatal volume in both the right and left hemispheres in 53 BXD RI lines and both parental strains using unbiased stereology. We have also generated gene expression data for striatum for the same stains of mice to evaluate candidate genes within the major QTL.
Methods

Subjects
All histologic data for this study were obtained from The Mouse Brain Library -a physical and Internet resource that contains high-resolution images of histologically processed slides from more than 2600 adult mouse brains (www.mbl.org) with roughly balanced numbers of male and female specimens . The age of most cases ranged between 50 and 100 days (young adult). Mice were obtained from either the Jackson Laboratory (Bar Harbor, ME, USA) or the University of Tennessee Health Science Center (UTHSC) as detailed previously (Rosen & Williams 2001) . All procedures were approved by Animal Care and Use Committees and conform to National Institutes of Health (NIH) guidelines for humane treatment of animals. Mice were deeply anesthetized with Avertin (0.8 ml intraperitoneal) and transcardially perfused with saline, followed by fixative (glutaraldehyde/paraformaldehyde) and their brains removed and weighed. After variable postfixation times, the brains were embedded in 12% celloidin and sliced in either a coronal or a horizontal plane at a width of approximately 30 mm. Actual section thickness was determined by direct examination of 10 sections for each brain using an Â100 oil immersion objective and a z-axis micrometer.
Estimation of striatal volume
We estimated the volume of the dorsal striatum (equivalent to the human caudate nucleus and putamen) of 342 mice (176 female and 166 male) belonging to 53 BXD RI strains and the parental strains (C57BL/6J and DBA/2J, abbreviated B6 and D2). The volume of the right and left striatum was estimated by five individuals (G.D.R., C.J.P., C.B.O., J.C. and H.K.) using a computer-controlled microscope (Nikon E800; Nikon Inc., Melville, NY, USA), and Stereo Investigator (MBF Biosciences, Williston, VT, USA) by point counting using Cavalieri's method (Gundersen & Jensen 1987) . Grid spacing for both horizontal (n ¼ 171) and coronal (n ¼ 171) sections was 400 mm, and volume was estimated by measuring every 10th section on each of the two slides for each brain. In cases where there were missing or damaged sections, a piece-wise parabolic estimation was used (Rosen & Harry 1990) . Final volume estimates were individually corrected for histological shrinkage by determining the previously computed ratio between the brain volume at fixation (brain weight) and that after processing. For each individual, striatal volume was blindly re-estimated on 10 slides to assess intraobserver reliability. Interobserver reliability was assessed by pairs of investigators estimating volume on 6-10 brains in common. The experimenter was blind with respect to strain and sex.
Measurement error
Intraobserver reliability was high for estimation of striatal volume. The percentage difference between the original and the repeated volume estimations ranged from 0.9% to 8.7%, and the average difference was 3.1%. These measures were highly correlated, ranging from 0.94 to 0.99, and a paired t-test showed no significant differences between the two estimations [t < 1, not significant (NS) in all cases], indicating that technical error at this level of the analysis contributes little to case variation or strain variation. Interobserver differences between estimations from the same brain ranged from 2.3% to 9.7%, with an average difference of 5.1%. The measures were highly correlated (r ¼ 0.87-0.94), and paired t-tests did not show any differences in these measures (t < 1 in all cases). Taken together, these results indicate that estimates of striatal volume were reliable.
Analysis
Data were analyzed using standard analysis of variance (ANOVA) and multiple regression techniques (JMP 5.0; SAS Institute, Cary, NC, USA). Quantitative trait locus analysis was performed using the WebQTL module of GeneNetwork (GN; www.genenetwork.org). This online resource includes all known morphometric data for the BXD strains, several striatal transcriptome data sets, high density marker maps based on approximately 3795 full informative markers distributed on all chromosomes except Chr Y (Shifman et al. 2006) , and a database containing %8.3 million SNPs taken from dbSNP (Frazer et al. 2007) . WebQTL incorporates three common mapping methods (1) simple interval mapping, (2) composite interval mapping and (3) a scan for two-locus epistatic interactions (Wang et al. 2003) . Quantitative trait loci were determined by computation of a likelihood ratio statistic (LRS) for each trait, and significance was assessed using 1000 permutations.
Array data
We generated expression data for the dorsal striatum for a set of 75 strains of mice, including most of the BXD strains included in the morphometric analysis, and integrated these data into www.genenetwork.org. To compare neuroanatomical and gene expression data, we specifically used the GN database named 'HQF BXD Striatum ILM6.1 (Nov07) RankInv' that can be accessed in the main search page by selecting Species ¼ mouse, Group ¼ BXD and Type ¼ Striatum messenger RNA. Data were generated using the Illumina Sentrix Mouse-6.1 microarray. This array estimates expression for a great majority of mouse genes with confirmed protein products and consists of sets of %46 000 unique 50-nucleotidelong probe sequences. Like other array data in GN (Chesler et al. 2005) , the original Illumina bead array data (rank invariant transform) were logged and recentered to a mean of 8 units and a standard deviation of 2 units -essentially a z-transform of the data.
The HQF striatum data sets include information on gene expression for a total of 75 strains of mice (male and female samples) of which 47 are common to the neuroanatomical data described here. Strains for which we have morphometric data but no array data include BXD30, BXD35, BXD39, BXD63, BXD75, BXD83 and BXD92. All dissections were performed by the senior author (G.D.R.), and we have confirmed by histology and Western blotting of acetylcholinesterase that these samples are almost entirely pure dorsal striatum samples. For complete metadata on the HQF striatum data set, including quality control procedures error checking and normalization see www.genenetwork. org/dbdoc/UTHSC_1107_RankInv.html.
Comparing adult morphometric data with adult striatal expression data is potentially insufficient because it is possible that the transient expression of a small number of genes during development may leave a lasting imprint on differences in volume maturity (Zapala et al. 2005) . For this reason, we generated a companion expression data set on neonatal (P1) striatal expression data for the two parental strains, C57BL/6J and DBA/2J (NIH Neuroscience Microarray Consortium http://arrayconsortium.tgen.org/, rosen-illu-mouse-588967). Data were generated using the Illumina Sentrix Mouse-6.2 microarray. We have exploited this companion developmental data to (1) test whether genes with expression differences that covary with striatal volume at maturity are also expressed during a key stage of development in the striatum and (2) to test whether any genes in QTL intervals have high expression only during development.
All genome coordinates in this paper are given using the mouse genome assembly of February 2006 (UCSC Genome Browser release mm8, NCBI BUILD 36). These positions co-ordinated differ slightly (usually less than 1-3 Mb) from mm9 and NCBI BUILD 37.1.
Correlation analysis
To evaluate candidate genes and to study other covariates of variation in striatal volume, we compared our data with the HQF data sets. Covariation networks were constructed using online tools in GN. In addition, we correlated striatal volume with the BXD Phenotype Database in GN that contains a nearly exhaustive collection of previously published and unpublished traits from the BXD RI line.
Online data access
Phenotypes for the BXD strains generated as part of this study are all available at www.genenetwork.org using the accession numbers: striatal volume (mm 3 ): GN BXD Phenotypes Trait ID: 10710; striatal volume adjusted (mm 3 ): GN BXD Phenotypes Trait ID: 10998. Striatum expression data exploited in this study are directly accessible at www.genenetwork.org.
Results
Striatal volume is highly variable
Bilateral striatal volume of all subjects ranged from 15.6 to 34.7 mm 3 (mean AE SEM ¼ 22.2 AE 0.8 mm 3 ). In comparison, strain averages ranged from a low of 18.7 AE 0.62 mm 3 in BXD29 to a high of 27.3 AE 1.2 mm 3 in BXD5, with an average across all 55 strains of 22.2 AE 0.30 mm 3 ( Fig. 1 ). All estimates are fully corrected for case-by-case differences in shrinkage and should be considered close to the original size of these regions in well-fixed tissue. In vivo volumes would typically be 5-10% greater. From a genetic perspective, all these strains can be regarded as normal wild-type but inbred mice. Right and left striatal volumes of individual mice ranged from 8.0 to 17.5 and 7.6-17.2 mm 3 . Mean striatal volume for both right and left sides were identical (11.1 AE 0.08 mm 3 ).
There is no left/right asymmetry in striatal volume
We computed an asymmetry coefficient d asymm by subtracting the volume of the left from right hemisphere and dividing by one-half of the total volume. To determine whether there were overall asymmetric biases irrespective of direction, we calculated an absolute asymmetry coefficient (d abs ) by taking the absolute value of d asymm . We computed the distribution of both d asymm and d abs for striatal volume (mean AE SEM ¼ À0.001 AE 0.017 and 0.031 AE 0.011 mm 3 , respectively), and ANOVA showed no significant effects of strain (F 52,273 < 1, NS in both cases). These results suggest that there was no significant left/right asymmetry of striatal volume.
Striatal volume is heritable, but asymmetry is not
In order to determine the heritability of striatal volume, we computed an ANOVA with strain as the independent measure and volume as the dependent measure. We found a significant effect of strain (F 54,287 ¼ 5.2, P < 0.001), and this main effect accounts for 50-55% of the variance, which provides a reasonable upper bound on the fraction of variance that might be explained by additive and epistatic interactions. (Dominance effects cannot be measured using RI strains because there are no heterozygous genotypes or heterozygote phenotypes to analyze.) There were no significant main effects for d asymm (F 54,287 < 1, NS) or d abs (F 54,287 < 1, NS; explained variance ¼ 14-15%). These results strongly support the notion that there are significant differences between strains on the volumetric measures, but that strain differences in asymmetry are not apparent.
We also computed heritability (h 2 ) using inbred strain data and the adjustment method of Hegmann and Possidente (1981) . Striatal volume is a moderately heritable trait (h 2 ¼ 0.33). The broad sense estimate of heritability, which takes into account the large sample sizes of genetically identical members of RI strains, yielded an h 2 of 0.86. The heritability factor for d asymm and d abs in the striatum was 0.07 for both measures. These results indicate that asymmetry has a very low heritability and could not be profitably mapped.
Mapping striatal volume
We mapped striatal volume and found a QTL on Chr 8 at 59 AE 5 Mb (LRS ¼ 16.90 and LOD ¼ 3.7; Fig. 2 ), which corresponds to human Chr 4 at %175 Mb (4q34.1). A suggestive QTL was also mapped to Chr 6 (LRS ¼ 14.52 and LOD ¼ 3.2). This region corresponds to human Chr 3 at %134 Mb (3p25.1) Two other intervals contained suggestive loci with LOD scores greater than 2 -one on Chr 2 at 27 AE 5 Mb (LRS ¼ 9.31 and LOD ¼ 2.0) and another on Chr 11 at 32 AE 5 Mb (LRS ¼ 10.41 and LOD ¼ 2.3). In order to map variation related to volume of striatum rather than possible confounding covariates, we performed multiple regression to remove covariance associated with differences in age, sex, plane of section, strain epoch (the original Taylor BXD set vs. the newer UTHSC BXD set; see Peirce et al. 2004; Shifman et al. 2006 for an explanation of the history of BXD strains and the subtle genetic differences between epochs) and non-striatal brain weight (brain weight À striatal weight). There were no significant effects for sex (F 1,321 Mapping variation in adjusted striatal volume significantly improved the strength of linkage to the Chr 6 QTL (genomewide P < 0.05, LRS ¼ 19.7, LOD ¼ 4.3) (Fig. 2b-d ). In contrast, the LRS at the Chr 8 QTL was substantially decreased (LRS ¼ 10.2 and LOD ¼ 2.2). This latter finding suggests that the Chr 8 QTL is associated in part with more global differences in non-striatal brain regions and perhaps the two subgroups of BXD strains (epoch). There were two additional intervals with LOD scores greater than 2, the first on Chr 1 at 182 AE 5 Mb (LRS ¼ 12.57 and LOD ¼ 2.7) and the second on Chr 17 at 30 AE 5 Mb (LRS ¼ 11.45 and LOD ¼ 2.5). Having a B allele on Chr 6 was associated with a 0.85 mm 3 decrease in striatal volume when compared with strains having a D allele (F 1,51 ¼ 23.0, P < 0.001). Similarly, there was an approximately 0.7 mm 3 decrease in striatal volume in strains having the B allele at the Chr 17 QTL interval (F 1,51 ¼ 12.3, P ¼ 0.001), the Chr 1 QTL interval (F 1,51 ¼ 13.6, P < 0.001) and the Chr 8 QTL interval (F 1,51 ¼ 11.7, P < 0.01).
The expanded set of BXDs is now sufficiently large to search for possible two-way epistatic (nonlinear) interactions among loci that contribute to variation in CNS neuroanatomical variation. This is the first study to apply this more complex genetic model in this context. A pair scan showed a significant interaction between the known Chr 6 and Chr 17 loci (full model LRS ¼ 36.4, P < 0.05; Fig. 3a,b) . The genetic correlation between markers at these two loci was not significant (r ¼ 0.16, NS), thereby excluding the possibility of nonsyntenic association (see Williams et al. 2001 for an explanation of non-syntenic association). Analysis of variance with genotypes of markers in the Chr 6 and Chr 17 QTLs as the independent measures and the adjusted striatal volume as the dependent measure confirmed significant main effects for both the Chr 6 QTL (F 2,49 ¼ 21.8, P < 0.001) and the Chr 17 QTL (F 2,49 ¼ 14.7, P < 0.001). In addition, the interaction between these two QTLs was significant (F 2,49 ¼ 3.9, P ¼ 0.05). These two QTLs interact synergistically, and those strains with D alleles at both intervals have significantly larger striata than expected from the summed effects of the two loci (Fig. 3c) .
Composite interval mapping of striatal volume data sets did not show any significant or consistent secondary loci.
Correlations with other BXD RI phenotypes
One advantage of employing the BXD strain is the ability to test for covariation with other phenotypes that have also been studied in this population. We correlated striatal volume with the BXD Published Phenotypes Database of GN, which contains a large number of behavioral, anatomic and physiologic phenotypes gathered from BXD RI sets. Alpha levels were adjusted after permuting striatal volume and adjusted striatal volume 20 times each, determining the top 50 correlations with the BXD Published Phenotypes Database for each permutation, and determining the computed alpha level of the top 5% of all correlations. From this analysis, it was determined that computed correlations by GN with P < 0.002 were significant at an adjusted alpha level of 0.05. P values represent the adjusted P values.
Not surprisingly, striatal volume (unadjusted) correlates primarily with other neuroanatomical measures including brain weight (r ¼ 0.72-0.77, P < 0.001) and volumes of the ventral hippocampus (r ¼ 0.67, P < 0.01), cerebellum (r ¼ 0.71, P < 0.01), dorsal thalamus (r ¼ 0.63, P < 0.01), cerebral cortex (r ¼ 0.58, P < 0.01) and basolateral amygdala (r ¼ 0.62, P < 0.01) (Airey et al. 2001; Beatty & Laughlin 2006; Dong et al. 2007; Martin et al. 2006; Mozhui et al. 2007; Peirce et al. 2003; Seecharan et al. 2003; Williams et al. 1998) . In contrast, adjusted striatal volume correlates with a variety of different phenotypes (Fig. 4) . The strongest correlation is with transferrin saturation percent (Jones et al. 2007) , which is a measure of iron transport in the blood (r ¼ 0.66, P < 0.01; Fig. 4a ). The adjusted volume of the internal granule cell layer of the cerebellum (Airey et al. 2001) correlates with striatal volume (r ¼ 0.58, P < 0.01; Fig. 4b) . Interestingly, the number of striatal cholinergic neurons (Dains et al. 1996) correlates significantly with striatal volume (r ¼ 0.55, P < 0.05; Fig. 4c) , as did the number of convulsions following nitric oxide withdrawal (Belknap et al. 1993 ) (r ¼ 0.63, P < 0.05; Fig. 4d ).
Candidate gene analysis
The QTLs that we identified can be subdivided into large blocks that have common haplotypes in B6 and D2 strains. These blocks are essentially identical by descent (except for any recent mutations) and have low densities of SNPs. Such regions are less likely to contain polymorphisms that modulate the volume of the striatum. In contrast, several large blocks have dissimilar haplotypes and much higher densities of SNPs (Fig. 2d) . Genes within these regions have a better prior probability of containing functional polymorphisms.
Chr 6 candidate analysis
We combined data on SNP density with LRS values to rank positional candidate genes. Roughly one-quarter of %200 genes in the Chr 6 interval (80 and 95 Mb) were located within blocks that were highly polymorphic (1-6 SNPs per kilobase). Members of this subset are good positional candidates, irrespective of any role that they may have in brain development or adult forebrain structure (Table S1 ). The stringency was increased by requiring that strong candidates would also have moderate to high expression in forebrain at some stage of development. To apply this filter, we extracted data on expression of all of these genes in the striatum from the HQF database and the neonatal database. A set of 34 transcripts had levels of expression that were at or above the average level (8 units) in both neonatal and adult striatum. This set of 34 candidates was ranked using data on missense SNPs in these genes and/or by evidence of local regulatory variation that controls their own expression -so-called cis-QTLs. Those genes with SNPs in Illumina microarray probes that produced high cis-QTLs were excluded from the analysis. A subset of 10 genes met these criteria: Htra2, Tia1, Mxd1, Anxa4, Aak1, Nfu1, Nup210, Hdac11, Fbln2 and Slc25a26 (Table 1) . Mxd1, Aak1, Hdac11 and Slc25a26 had a greater than twofold increase in expression between P1 and P60, whereas the only gene with a greater than twofold decrease in expression was Fbln2. The remaining genes had no significant difference in expression between P1 and P60 (Table S1 ). Of all the positional candidates, Htra2 and Nfu1 were ranked at the top. Htra2 is especially noteworthy as deletion of this gene results in cell loss in the striatum and leads to neurodegenerative disorder with parkinsonian phenotype (Martins et al. 2004 ). Htra2 has a missense mutation in exon 8, and its expression maps as a significant trans-QTL to proximal Chr 17, close to the locus that is in epistatic interaction with the Chr 6 QTL (see Fig. 5a ). Nfu1 contains a missense mutation in exon 2. Functionally, its protein domain interacts with laforin and plays a potential role in Lafora disease, which is an autosomal recessive type of myoclonus epilepsy in humans (Ganesh et al. 2003) . In addition to a highly significant cis-QTL, expression of Nfu1 maps as a suggestive trans-QTL to proximal Chr 17 (Fig. 5b) .
Visualization of genetic covariation
In order to assess the potential interactive effects of the Chr 6 and Chr 17 loci, we looked for correlations in expression across BXD strains in genes contained within both intervals. The Chr 17 region is gene rich, and we selected those genes with high SNP densities, high expression in the striatum and strong cis-QTLs. A total of 25 genes met these criteria (Table S2 ). In terms of gene function, Glo1, a candidate gene in the Chr 17 QTL, may be functionally closely related to Htra2, the high priority candidate in the Chr 6 QTL. Both Htra2 and Glo1 are involved in oxidative stress response and apoptosis (Gray et al. 2000; Liu et al. 2007; Saito et al. 2004; Sakamoto et al. 2000) . Glo1 is also associated with anxiety behavior in mice and mood disorder in humans (Fujimoto et al. 2008; Politi et al. 2006) . Glo1 has over a threefold expression difference in the BXDs and is associated with a strong cis-QTL. This cis-QTL lies close to and may overlap the trans-QTL for Htra2. Based on their functional relatedness and expression correlation, we generated a potential gene interaction network that may modulate the striatum (Fig. 5e ). In this model, the missense mutation in Htra2 and expression variation of Glo1 may collectively contribute to the variation in striatal volume.
Another potential gene network we generated is based mostly on strong correlations among the candidates on Chr 6 and Chr 17 and the striatum volume. Six candidate genes on Chr 17 correlate directly with adjusted striatal volume (Vps52, H2-D1, Zfp297, 0170001D07Rik, Cpne5 and Ddah2). Of these, Ddah2 also correlates strongly with Nfu1, the gene on Chr 6 previously identified as a high-ranking candidate. Expression of both Nfu1 and Ddah2 are associated with significant cis-QTLs and both correlate strongly with volume of the striatum (Fig. 5e) .
To summarize these results, we constructed two models of gene variants that may modulate striatal volume. The first of these is based on known gene function and involves Htra2 and Glo1. The second involves less well-characterized genes, Nfu1 and Ddah2, and is based on both gene expression variation and correlation of expression with striatal volume (Fig. 5e ).
Discussion
We have combined classic stereological methods, gene mapping methods and a large-scale striatal transcriptome analysis to define and characterize sources of variation in the size of the mouse dorsal striatum. Striatal volume varies 2.2-fold among individuals and 1.5-fold among strains. This variation is generated in part by a locus on Chr 6 and by interactions between Chr 6 and Chr 17. Using whole genome array data, we have extracted and ranked a small set of polymorphic candidate genes with comparatively high expression in neonatal and adult striatum.
There is a lack of anatomic asymmetry in the striatum Because previous research has found evidence of volumetric asymmetry in the rodent brain (Caparelli-Daquer & Schmidt 1999 , Rosen et al. 1989a ,b, 1991 , Verstynen et al. 2001 Zilles et al. 1996) , we attempted to assess this variable in the BXD RI set. We found that there was little evidence of asymmetry in the striatum. This was true both for measures that assessed directional (right vs. left) asymmetry and those that assessed magnitude (without considering directionality). Despite the fact that there are well-documented asymmetries in striatal dopamine in rats that underlie lateralized rotational behavior (Glick et al. 1976; Nielsen et al. 1997) , there have been no documented anatomical asymmetries in this region (Rosen & Williams 2001) . The results reported here suggest that there are no population level anatomic asymmetries in the striatum, but do not discount the possibility that anatomic asymmetries at the individual level may correlate with functional and neurochemical asymmetries.
Correlations with BXD phenotypes
We found a number of BXD phenotypes that significantly correlated with striatal volume. Unadjusted striatal volume Promoter correlated exclusively with other neuroanatomical measures, such as brain weight and volume of various brain regions. This result was not surprising, as we already demonstrated that a significant percent of the variance in striatal volume was accounted for by brain weight. It is therefore interesting that adjusted striatal volume -which factored out non-striatal brain weight as well as other variables -correlates strongly with behavioral, physiological as well as neuroanatomical phenotypes. The strongest correlation was with variables from a study of iron hemostasis in BXD lines (Jones et al. 2007) , specifically the percent of transferring saturation. Iron hemostasis is important in a number of diseases, and an increase in iron concentration in the basal ganglia has intriguingly been linked to age of onset of Parkinson's disease (Bartzokis et al. 2004) . This raises the possibility that those strains with smaller volumes (and lower transferring saturation percentage) might also be at greater risk for neurodengenerative disorders. Adjusted striatal volume also correlated with behavioral and anatomic phenotypes. One of the first papers that used RI strains to detect non-bimodal traits was that of Belknap et al. (1993) , who mapped QTLs for withdrawal of nitrous oxide and ethanol in mice. We found a significant correlation between the number of convulsions following nitric oxide withdrawal and the adjusted striatal volume. This correlation is of interest given that the striatum is a target of nitrous oxide's effects in the brain (Emmanouil et al. 2006; Henry et al. 2005) . Our measure also correlated well with the number of cholinergic neurons in the striatum (Dains et al. 1996) , which supports the notion that volume may be an easier to obtain first approximation of neuron number -a hypothesis that we are currently investigating. Taken together, these correlations from the BXD Phenotype Database point out the potential expansion of interesting hypotheses that can be gained through the use of the BXD genetic reference population.
It is also potentially important to note that there were a number of striatal traits in the phenotype database that were not correlated with striatal volume, including striatal copper levels (Jones et al. 2006) , striatal choline uptake (Tarricone et al. 1995) and Drd1 and Drd2 levels in the striatum (Jones et al. 1999) . Some of these previously published studies examined relatively small numbers of BXD strains, so the lack of a statistical significant correlation with striatal volume is perhaps not surprising. Interpreting lack of significance with correlation coefficients requires caution, but it does raise the possibility that, at least for these traits, their organization within the striatum remains relatively constant despite large changes in volume.
Previously reported QTLs for striatal volume
Using a small population of F 2 mice derived from mating A/J and BXD5/TyJ mice, we had reported a QTL for striatal volume on Chr 10 (Rosen & Williams 2001 ). We did not find support for this interval in the present study. There are a number of factors that would explain this difference. First, the strains used to create the cross in the previous experiment were different from those used to create the BXD RI lines in the present study. Second, and perhaps more important, is the difference in the size and types of the genetic reference populations. In our previous study, we mapped the QTL with 36 F 2 mice that were genotyped at 82 markers. In the current study, by comparison, we were able to map QTLs after examining 342 mice from 55 strains that were genotyped at approximately 4000 markers. Because QTL detection in RI sets improves with greater number of strains (Belknap 1998; Crusio 2004) , it is likely that our ability to detect QTLs that modulate a smaller percent of the variance of these neuroanatomical traits was improved in this study. Moreover, the epistatic correlations that we report here could not possibly be detected with the small sample in the original study.
Positional candidate genes
The networks proposed in Fig 5 are considered at this point to be highly speculative. With this caveat in mind, the functions of some of the positional candidate genes suggest that they may play a role in various aspects important for neuronal development. Htra2 has been shown to be involved in apoptosis and neurodegeneration (Gray et al. 2000; Liu et al. 2005) . Moreover, knockout mice that do not express Htra2 demonstrate specific cell loss in the striatum (Martins et al. 2004) . Similarly, Glo1 has been associated with susceptibility to oxidative stress and apoptosis (Sakamoto et al. 2000; Zuin et al. 2005) . Reduced expression of Glo1 has been associated with mood and panic disorders in humans (Fujimoto et al. 2008; Politi et al. 2006) . The oncogene Mxd1 plays a role in cellular differentiation and is part of the MAX transcription factor network that governs many aspects of cell behavior, including cell proliferation and tumorogenesis (Hurlin & Huang 2006; Vastrik et al. 1995) . A number of the genes on Chr 6 are expressed during neural development, including Tia1, which is important for neuronal survival (Lowin et al. 1996) , and Hdac11, which likely is involved in the maturation of neural cells (Liu et al. 2008) . In addition, the NFU1 protein domain interacts with laforin and plays a potential role in Lafora disease, which is an autosomal recessive type of myoclonus epilepsy (Ganesh et al. 2003) . Currently, a number of the positional candidate genes listed in Table 1 (Tia1, Aak1, Nfu1, Nup210, Hdac11 and Fbln2) are being targeted by the Knock Out Mouse Project (www.komp.org), and when these knockout mice are available, their striatal volume will be assessed.
Verification of the expression of these candidate genes in the striatum could potentially be derived from two atlases of gene expression in the mouse. The Allen Brain Atlas (ABA; http://www.brain-map.org/) uses in situ hybridization to map adult expression of most of the genes in the mouse genome. GENSAT http://www.gensat.org/index.html is a developing and adult mouse atlas that uses BAC-eGFP reported and BAC-Cre recombinase driver mouse lines. Of the nine candidate genes that have been assayed by the ABA, three (Tia1, Hdac11 and Slc25a26) have been shown to have a high level of expression in the adult mouse striatum, which confirm our results (Table S1) . Of the six genes that have moderate to low expression (Htra2, Mxd1, Anxa4, Nfu1, Nup210 and Fbln2) in the ABA, only Anxa4 and Fbln2 were moderately expressed in our data set -the remaining four genes were all highly expressed in our analysis. GENSAT currently only has data for Hdac11, which is moderately expressed in the P7 striatum, and nearly absent in the adult. The P7 results are consistent with our P1 expression data but are discrepant with both the ABA and our data. Verification of the expression of these candidate genes awaits real time-PCR of both P1 and P60 striatal tissue.
Future directions
The QTLs that we have identified will require validation in the future. One potentially fruitful avenue would be to replicate these experiments using the Collaborative Cross (Churchill et al. 2004; Valdar et al. 2005) , which is a program that is currently generating hundreds of RI lines based on an eightstrain cross. This cross -which is currently at the 13th generation -has far more recombinations than a standard RI strain, and so mapping precision will be improved. Another direction would be through the use of a recombinant inbred Intercross (RIX) scheme (Threadgill et al. 2002) . This method involves generating all or a subset of the many pairs of intercrosses between a set of RI strains. The derived RIX set extends the number of genomes available for phenotyping by a factor of n(n À 1)/2, where n is the number of original RI strains. Each individual RIX strain has a unique but entirely predictable genome, and like RI strains, many genetically defined RIX individuals can be phenotyped to greatly improve trait reliability.
Conclusions
Our data clearly demonstrate the highly variable nature of striatal volume among inbred mouse strains and that at least part of that variability is modulated genetically. Using bioinformatic tools and gene expression arrays, we have identified QTLs that modulate this trait. This study also represents the first use of both the original BXD/Ty lines (Taylor 1978) along with the newly generated BXD advanced RIS (Peirce et al. 2004) for the purpose of mapping neuroanatomical traits. This increase in sample size from the original 26 JAX BXD strains upon which so much work has been based (Crabbe et al. 1994; Hsu et al. 2007 ) to more than 50 strains has accomplished two things: (1) the power of correlation analyses and other statistical tests is now significantly greater and (2) the power and precision of BXD mapping data are now significantly better because the new UTHSC BXD strains incorporate roughly twice as many recombinations per strain as conventional RI strains. This increased power and precision increases linkage statistics and decreases the size of confidence intervals and the number of positional candidate genes. Future research exploiting this expanded BXD genetic reference population will allow us to further dissect other important neuroanatomical phenotypes that may contribute to variation in regional volume, such as proliferation, death, number and packing density of neurons. Institute on Alcohol Abuse and Alcoholism, National Institute of Mental Health to G.D.R. and R.W.W., U01AA014425 to L.L., and by U01AA13499, U01CA105417 and U24 RR021760 for support of GN. We thank the High Q Foundation for making it possible to generate companion expression data for striatum, and the NIH Microarray Consortium and the Yale/NIH Microarray Center for performing the P1 Illumina microarray analyses. We thank Dr Xusheng Wang for help annotating the content of the Illumina array.
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